explosive mixture. Another requirement is a system of injecting liquid water at high pressure. The pump used to inject the water represents an energy consuming device.
Another drawback to the high pressure system is that it is less efficient than operating at low pressure. As the pressure of the cell increases, the potential needed to electrolyze the water increases. Only one reliable source of data were found (Int. J. Hydrogen Energy, Vol. 19, No. 5, Ledjeff, K.). This source contained data of current versus potential for electrolysis at 1 bar and 15 bars. These data were fit to a model using a non-linear least squares optimization routine. The objective function can be seen below. An explanation of the model can be seen in PART 111. Four parameters were used to fit the data, io, a, ' y, and R. The calculated values for these parameters were 7.36~1 04, 0.51 1 , 2.83, and 0.1 90, respectively. system, assuming that the hydrogen concentration on anode side is zero. These diffusion equations were obtained from Perry's Chemical Engineering Handbook.
Solubilities for hydrogen were obtained from IUPAC Solubility Data Series. The data used was from Webe, R. and Gaddy, V.L. Using the equations above, the system was analyzed at 3000 psi (200 bar) and 50 ' C, operating at 1.0 Alcm2. According to the model, a potential of 2.03 V will be required to electrolyze the water at the operating conditions. The resulting backdiffusion loss calculated was 1.927~1 0-7 mol/cm2/sec. This is equivalent to 0.0755 W/cm2 of lost work at 2.03 V (see spreadsheets in Appendix A, pp 1-2, for calculation data). Also, if the hydrogen does not react with the oxygen at the catalyst to form water, it will create a mixture that is about 3.8 % hydrogen (mole percent). This represents a safety problem because of the combustibility of hydrogen and oxygen. Another power loss is to the pump used to inject the water into the electrolyzer. At 50% efficiency the pump will consume 0.037 W/cm2. Operating at 1.0 A/cm2 and 200 bar produces 2 . 3 3~1 0~ moles of compressed hydrogen per Joule of energy input or 8.40 mole H2/kWh. The efficiency of this system is 55%.
Another system is to run the electrolyzer at ambient pressure and then use a compressor to store the hydrogen and oxygen. The drawback of this system is that the compressor is an energy consuming device with moving parts. However, this system does not have high hydrogen crossover problems or the increased inefficiency due to high pressure. According to the model created it will take a 1.7 V potential to electrolyze the water at ambient pressure, 50 'C, and 1. Another aspect which needs to be addressed is the thermal management.
The electrolyzer will generate heat due to the internal resistance of the cell and the overvoltage of the electrode reactions. The overvoltage is the difference between the equilibrium potential and the actual potential. This difference is a heat loss due to inefficiency. The overall equations for the heat generation can be seen below.
The overvoltage of the electrolyzer was found not to change with increasing pressure. According to the model developed, the overvoltage is primarily a function of current in the cell. The heat generated at 50 "C and 1.0 Ncm2 is about 0.185 W/cm2. This waste heat must be removed to prevent the cell from heating up.
The water being electrolyzed is the simplest way of cooling the electrolyzer. If water is injected at room temperature, 25 "C, it should sufficiently cool the cell. Due to the heating and evaporations of the water that is not electrolyzed, the electrolyzer will reach a steady state temperature. For the low pressure system, this steady state temperature is about 72 OC. For the high pressure system, the steady state temperature is about 84 "C. Operating at these elevated temperatures has little effect on the efficiencies of the overall systems. The biggest change will be in the heat exchanger requirement for the low pressure system. These heat exchangers will be required to condense the large amounts of water vapor in the hydrogen gas.
This must be done in order to make the compression feasible because of the high amounts of energy required to condense water mechanically. Since the electrolyzers reach steady state, there is no need for heat exchangers on the electrolyzer itself. If operation at a cooler temperature is desired, the flow rate of water to the electrolyzer could be increased.
I
The equations used to describe the heat generation are:
CONCLUSIONS:
After analyzing both systems, the low pressure system is favored over the high pressure system on an energy basis. As shown in this report, there is an energy benefit and a safety benefit with the low pressure system. With the low pressure system, less energy is lost to hydrogen crossover and inefficiency. The low pressure system is 12% more energy efficient, neglecting the heat exchanger power requirement. This leads to producing about 17% less hydrogen per Joule of energy input. Also, with reduced crossover there is less chance of creating a hydrogen and oxygen mixture, which represents a safety hazard. Another advantage of the low pressure system is that there are fewer high pressure components. With the high pressure system, a compromise to any part of the system could damage the membrane and become a safety hazard. For the low pressure system, the storage tank is the only high pressure component. However, the high pressure system is mechanically simple. It has few, if any, moving parts.
To make a final recommendation, an economic analysis must be performed. The capital cost and repair cost of the compressors and heat exchangers needed for the low pressure system must be analyzed and compared to the cost of the entire system. 
INTRODUCTION:
In automobiles, the majority of pollutant emissions occur during the start-up of the vehicle. This is due to the fact that the emission reduction systems are not operational yet. In order to be effective, most emission reduction systems need to be hot. The system for a fuel cell driven vehicle being worked on at LANL has the same problem. During start-up there are increased emissions due to the fact that the Reformer and PROX are at low temperature. The Reformer and PROX must be at high temperatures to operate properly and reduce the pollutant emissions from the reformate hydrogen. In order to reduce these harmful emissions, a burner will be placed at the end of process to burn off the hydrocarbon emissions. However, this burner must also be hot to completely burn the harmful pollutants. One method of heating this burner quickly is to burn hydrogen before start-up. The burning of the hydrogen will not produce any pollutants. The only products of hydrogen combustion are water and heat. For this reason, a theoretical design of an electrolyzer/burner system was developed.
HEATING REQUIREMENTS:
In order to be convenient, the burner must heat very quickly. For this analysis, a 5 seconds start-up time was used. An existing burner was used for the basis of the analysis (see Appendix B, pp 3-4, for schematics of Electrolyzer and Burner). This burner is cylindrical with monolithic type square tubes in the center. It is assumed that the burner must be heated from 25 "C to 800 "C. Assuming the Ceramic burner is made of Cordierite, the process will require 500 kJ of energy for the 500 gram burner. It is assumed that 50% of the energy from the combusted hydrogen was transferred to the burner. This means it will require about 6.0 moles of hydrogen per start. Because of the very thin interior walls of the burner, the amount of hydrogen burned is the limiting step, not the heat transfer rate between the heated gas and the ceramic. These calculations were made using properties of cordierite for the burner and 5 times excess air for complete combustion of the hydrogen. The heat transfer calculation data can be seen in Appendix B, pp. 1-2.
DESIGN AND DISCUSSIONS:
A PEM electrolyzer can be use to produce the hydrogen required. The electrolyzer will be operated while the car is being operated. The electrolyzer will fill a storage vessel with hydrogen while the vehicle is running, store the hydrogen while the vehicle is dormant, and heat the burner immediately before start-up. The design for the electrolyzer system can be seen in Appendix B, pg. 4. The electrolyzer will be placed inside cylindrical tank. The tank will be used for storage of both the hydrogen and water. The electrolyzer will be submerged in water in order to provide the water needed for electrolysis and as a cooling media for the electrolyzer. The water surrounding the electrolyzer will eliminate the problem of the electrolyzer heating up. The electrolyzer will only produce around 0.18 W/cm2 of heat. Using the 8.0 liters of water specified, the system would heat at a rate of 0.70 'C/min, if it were operated adiabaticly. Even if the electrolyzer is operated for extended periods of time, the excess heat may be removed by flowing air from the surroundings over the exterior of the tank. The hydrogen produced will be store in the space above the water level. The oxygen must be removed from the system. The oxygen may either be vented out of the system, or it may be sent to the cathode of the fuel cell stack.
In order to produce the hydrogen in a short period of time, around two thousand square centimeters of membrane will be required. liters of water will be used for this system. This is enough water to completely submerge the electrolyzer. This will assist in the heat removal from the electrolyzer as discussed earlier. This will also provide the hydraulic pressure needed keep the electrolyzer filled with water. One more reason for having the excess water is to separate the hydrogen from the electrolyzer. In case of any kind of compromise to the electrolyzer, the water may prevent the ignition of the hydrogen being stored in the tank.
The material of the tank must be strong enough to hold at least 1000 psia and be corrosion resistant. A stainless steel alloy could be used. It is estimated that the wall thickness will be approximately 0.25 inches. This will correspond to a tank weight of 21 kg. If an aluminum alloy is used, the tank will be 0.5 inches thick and weigh about 17 kg. The water in the system will weigh 8 kg. The electrolyzer weight is estimated at 10 kg. The total weight of the system will be between 30 and 40 kg.
The efficiency of the bumer/electrolyzer system is estimated at 23%. This efficiency is in terms of enthalpy change of the ceramic burner divided by the energy used to produce the hydrogen burned. The efficiency of the electrolyzer is 64%.
This is based on the standard state potential needed for electrolysis divided by the actual potential required. Note that these potentials are based on a membrane thickness of 0.0254 centimeters. The spreadsheet data for both the electrolyzer efficiency and the heat transfer data can be seen in Appendix B, pp 1-2.
CONCLUSIONS:
One drawback to the electrolyzer system is the high storage pressures. The 1000 psia storage pressure represents a safety hazard. In order to reduce the pressure, the tank must be made larger. However, the tank is already very big for portable applications. If a burner with a lower specific heat is used, less hydrogen will be required for the heating. This will lead to a smaller tank size. If space is not an issue, the hydrogen can be stored at lower pressures to reduce the safety hazard. Another difficulty will be the low temperature effects. Since the electrolyzer is submersed in water, freezing represents a major problem. In cold weather environments, a way of keeping the water from freezing must be designed. One more difficulty is the high temperature the burner must be heated to. Since methane is one of the emissions that must be burned, the heater must be heated to 800 OC. If methane is not present, the burner can be operated at around 400 OC. This will cut the size of the electrolyzer in half.
The system presented above is clearly capable of producing hydrogen and heating a ceramic burner very quickly. The electrolyzer system could be easily integrated into the entire fuel cell system. It will be a convenient way to heat the burner very quickly. One concern i s the cost of the PEM electrolyzer. However, the cost of this electrolyzer should be small when compared to the cost of the fuel cell stack used to power the vehicle. The PEM electrolyzer will use electric energy being produced by the fuel cell. Assuming that the fuel cell will operate around 40-50 kW, the electrolyzer will only consume a small fraction of this energy and store it indefinitely. This means the energy requirement for the electrolyzer will not be a major concern. Clearly the electrolyzer design presented here is an effective and convenient way to heat the burner in order to reduce start-up emissions. During the initial estimations of the system, it was found that the term for the reverse reaction was far smaller than the forward reaction. This is due to the magnitude of Faraday's constant and the fact that there is a negative sign inside the exponential. For ease of calculation this term was canceled out. Also, the water concentration term was simplified to one, since the concentration of the liquid water phase is constant with respect to temperature and pressure. These cancellations left the defining equation as seen in Eq. 2.
Since the current appears in more than one term, the equation was rearranged to isolate E, see Eq. 3. In this equation, Ee, must have both a temperature and pressure dependence in order to be a useful model. To account for this, a term for both temperature and pressure change were added to Eo, see Eq. 4.
Data for the fugacity of both hydrogen and oxygen were correlated to accommodate the pressure variation. The pressure dependence of the fugacity for both hydrogen and oxygen were best described by a third order polynomial. Both were correlated from data at 120 O F (49 OC). Similar correlations could easily be made for any temperature desired. AS was considered constant for the analysis range. y was added to account for the possibility that the reaction was not elementary. If the reaction were elementary, y would go to one, but this was found not to be the case.
These equations were modeled using Fortran. The built-in IMSL function BCLSF was used to fit the experimental data against the model using the objective function see below, Eq. 5. Four parameters were necessary to fit the data given, io, a, y, and R. The BCLSF uses a non-linear least squares method to fit the data. The 
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